Abstract: Gliomas are highly invasive tumors and the pronounced invasive features of gliomas prevent radical surgical resection. In the search for new therapeutics targeting invasive glioma cells, in vivo-like in vitro models are of great interest. We developed and evaluated an in vivo-like in vitro model preserving the invasive features and stem cell features of glioma cells. Fluorescently labelled primary glioma spheroids and U87MG cell line-derived spheroids were implanted into organotypic rat corticostriatal slice cultures and the invasion was followed over time by confocal microscopy. The invasion was validated immunohistochemically with paraffin sections using a human-specific vimentin antibody. Moreover, the preservation of immature stem cell features was evaluated immunohistochemically using the stem cell markers CD133, Sox2, Bmi-1 and nestin. The confocal and immunohistochemical results showed that the primary glioma spheroid area was constant or decreasing after implantation, with a clear increase in the number of invading cells over time. In contrast, the U87MG spheroid area increased after implantation, with no convincing tumor cell invasion. High levels of Bmi-1 and nestin were found in all spheroids, whereas high levels of Sox2 and low to moderate levels of CD133 were only found in the primary spheroids. In conclusion, the invasion of gliomas is preserved using primary glioma spheroids. Some stem cell features are preserved as well, making this model useful in drug development elucidating both invasion and cancer stemness at the early in vitro level.
Introduction
Gliomas are known for being highly invasive making them incurable by surgery. Furthermore, these tumors are known to be resistant towards radiation and chemotherapy. Despite aggressive surgery, radiation and chemotherapy, the median survival of the most frequent and most malignant type of glioma -the glioblastoma -is only 14.6 months [1] . Tumor cell invasion plays a crucial role for the poor prognosis by infiltrating the brain parenchyma.
In the standard treatment strategies of glioblastomas, the focus has primarily been on the bulk of the tumor mass consisting of proliferating tumor cells and not on the invading tumor cells. However, the importance of the invasive cells has become even more evident with results suggesting that treatment with the VEGF antibody bevacizumab significantly enhances invasion [2] . The aim of the present study was to develop and evaluate an in vivolike in vitro model preserving the invasive features of glioma cells in order to facilitate research using models reflecting the clinical reality better.
In the present study we developed and evaluated an invasion model where primary organotypic spheroids derived from human gliomas as well as U87MG cell line-derived spheroids were implanted into organotypic rat brain slice cultures. We hypothesised that invasion models based on organotypic tumor tissue would be more exact models than invasion models using tumor cell lines such as the U87MG cell line and invasion substrates such as artificial gels. In the present study, we used three-dimensional primary glioma spheroids. The spheroids were Int J Clin Exp Pathol 2013;6(4):546-560 obtained from one anaplastic astrocytoma (WHO grade III) and two glioblastomas (WHO grade IV). The advantage of using primary spheroids is the preservation of the threedimensional tissue structure with the specific brain tumor cytoarchitecture and complexity including the unique extracellular matrix, blood vessels, and macrophages [3] . Thereby, cellular heterogeneity, differentiation and proliferation patterns for the individual tumors are better preserved. These primary spheroids have been proved to be a valid model providing a biological system that mimics the original tumor [3] [4] [5] . Furthermore, the close resemblance to the original tumor in situ has already led to the use of primary glioma spheroids in investigations regarding radio-and chemotherapy responsiveness [6] [7] [8] [9] . Moreover, three-dimensional spheroids can be obtained in vitro using cell lines cultured as homogeneous spheroids, although cell line spheroids are deficient in specific brain tumor cytoarchitecture, unique extracellular matrix, blood vessels and macrophages [3, 5, 10, 11] . Since our aim was to improve existing invasion models, U87MG spheroids were included for comparison with primary glioma spheroids. The frequently used U87MG cell line, established by Pontén and Macintyre in 1968, originates from an astrocytic tumor with necrosis [12] , which corresponds to a glioblastoma multiforme according to the WHO 2007 guidelines [13] . The U87MG cell line is one of the most well-characterized cell lines with a wide range of biological information available. However, several in vivo studies indicate that the U87MG cell line have lost the invasive features characteristic for glioblastomas [14] [15] [16] [17] .
In the present study, organotypic corticostriatal rat brain slice cultures were used for implantation of spheroids as an alternative to artificial gels, hypothesising organotypic brain slice cultures to be an ideal in vivo-like matrix for studying glioma invasion in vitro. Corticostriatal slice cultures have previously been used in glioma invasion studies, since most gliomas arise in this area of the brain [18] . Furthermore, it has been suggested that glioma cells from fresh tumor fragments as well as commercial cell lines, are able to infiltrate these cultures in an in vivo-like manner [19] [20] [21] [22] . This has been suggested studying fluorescently labelled or transfected spheroids, after the supposed invasion has occurred and without histological confirmation of the invasion. However, when using vital dyes such as DiI, cross-diffusion between cells and host cells can occur [23] and it is not known to what extend DiI cross-diffusion occurs in invasion models using organotypic brain slice cultures. In order to overcome the possible pitfall using DiI, we added a new level to this model by following the invasion over time in the same co-cultures using confocal microscopy. Furthermore, we were able to verify the invasion and characterize the tumor cells immunohistochemically by paraffin embedding and histologically sectioning of the co-cultures.
In recent years, the cancer stem cell hypothesis has come into focus in glioma research. Since the cancer stem cells are known to be highly resistant toward chemotherapy and radiation [24] [25] [26] [27] [28] [29] , these cells are thought to be left behind after the standard treatment. The cell surface marker CD133 has been used as one of the most important stem cell markers [27, [30] [31] [32] [33] [34] [35] [36] [37] . We therefore investigated the immunohistochemical expression of CD133 together with the well known general stem cell markers nestin [38] [39] [40] , Sox2 [41] and Bmi-1 [33, 42, 43] in the co-cultures. We aimed to elucidate whether spheroids in this invasion model preserve these markers. Preservation of the important features of stemness, makes the model developed in the present study suitable for investigation of two of the most challenging aspects in the treatment of glioblastomas: the resistant tumor stem cells and the invading tumor cells left behind after surgery.
Materials and methods

Collection of tumor tissue
Fresh tumor tissue from three patients, who underwent initial surgery of astrocytomas WHO grade III-IV from May 2007 to June 2007 at the Department of Neurosurgery, Odense University Hospital, Denmark, was included in the study. Informed consent was obtained before surgery. All tissue samples were divided into two parts. One part of the tissue was prepared for establishing of the diagnosis according to the WHO classification of tumors of the central nervous system [13] . Moreover, this assured that the tissue was vital tumor tissue. The second part of the tissue was used for culturing in the present study. Tumor tissue from one anaplastic astrocytoma as well as two glioblastomas was obtained. The two glioblastomas will further on be referred to as glioblastoma-1 and glioblastoma-2. The Regional Scientific Ethical Committee approved the use of human tissue in the present study (approval number S-VF-20040102).
Culturing of primary spheroids
The glioma tissue was transported to the laboratory aseptically immersed in Hanks Balanced Salt Solution (Sigma Aldrich) supplemented with 0.9% D-glucose. The tumor tissue was sectioned into 2-3 mm small pieces and each piece was processed individually. Each piece was divided into two parts, as described in the section above. The tissue was sectioned manually using two scalpels to obtain small fragments of approximately 200-400 µm in diameter. The fragments were cultured in 0.75% agar-coated 12-well plates containing Dulbecco modified Eagle medium (Sigma Aldrich, Denmark) supplemented with 10% fetal calf serum (Fisher Scientific), 2% L-glutamine (Cambrex), 4% nonessential amino acids (Cambrex) and 2% penicillin/streptomycin (Cambrex) using a standard tissue culture incubator (95% humidity, 95% air, and 5% CO 2 ). The cultured tumor fragments, confirmed to be vital, were pooled the following day and cultured for 7-10 days, until spheroids were formed. Spheroids obtained from the human glioma cell line U87MG (ECACC, UK) were cultured under the same conditions for 5 days. Medium was changed twice a week for all spheroids.
Preparation of organotypic brain slice cultures
Organotypic corticostriatal slice cultures were prepared and cultured by the interface method [44] , slightly modified from Stoppini et al. [45] . The rats used in the present study were treated according to the Animal Experiments Inspectorate guidelines. In brief, newborn Wistar rats (Taconic Europe, Denmark) were decapitated. The brains were transferred to petri dishes and the meninges were removed. The brains were cut into 400 µm thick slices using a McIIwain tissue chopper. The slices were separated, divided into the two hemispheric parts, trimmed and washed in Hanks Balanced Salt Solution (Sigma Aldrich) supplemented with 0.9% D-glucose. The corticostriatal slice cultures were placed on sterile porous (0.4 µm) insert membranes (Millipore), transferred to six well plates (NUNC) with 1 ml prewarmed culture medium consisting of 50% Optimem 1 (GIBCO), 25% horse serum (GIBCO), 25% Hanks Balaced Salt Solution (HBSS, GIBCO), supplemented with 25 mM D-glucose, 1% penicillin/streptomycin (Cambrex), 3% nonessential amino acids (Cambrex) and 2% glutamine (Cambrex). The cultures were incubated using a standard tissue culture incubator (95% humidity, 95% air, and 5% CO 2 ) at 36°C. The medium was changed twice a week.
Invasion assay
The day prior to implantation, all spheroids were labelled with the fluorescent dye DiI (1,1' -Dioctadecyl -3,3,3',3' -tetramethylindocarbocyanine iodide, Sigma-Aldrich) for 24 h. At the day of implantation the spheroids were washed in culturing medium to remove excessive DiI.
Using a denudation pipette small spheroids of approximately 200-300 µm were implanted into 4 days old brain slice cultures between the cortex and striatum into or close to the corpus callosum. The co-cultures, each containing one spheroid per slice culture, were incubated using a standard tissue culture incubator (95% humidity, 95% air, and 5% CO 2 ) at 36°C. The medium was changed twice a week.
Assessment of tumor cell invasion using confocal microscopy
The tumor cell invasion was followed using a Nikon Eclipse TE2000-E inverted confocal microscope with perfect focus system one hour after implantation as well as three and six days after implantation. The software EZ-C1 (Nikon) was used for obtaining confocal z-stacks. Images were taken every 20 µm down through the co-culture, visualizing invasive tumor cells in the individual layers ( Figure 1A -E). The images in the z-stack were superimposed into one image ( Figure 1F ). Hereafter the total tumor cell invasion was assessed using the program EZ-C-1 FreeViewer (Nikon). Invasive tumor cells were counted in a zone of 200 µm around the spheroid, and the diameter of the spheroids was estimated ( Figure 2 ).
Immunohistochemistry
At the end of the experiment, the co-cultures were fixed, paraffin-embedded and sections of 3 µm were cut using a microtome. One section was used for hematoxylin eosine staining and the adjacent sections were used for immunohistochemical (IHC) staining. The IHC staining was performed on a Dako autostainer, Universal Staining System. Paraffin sections were deparaffinised and heat-induced epitope retrieval was performed in a T-EG buffer (10 mmol/L Trisbase and 0.5 mmol/L EGTA). After blocking of endogenous peroxidase using 1.5% hydrogen peroxide (H 2 O 2 ), the sections were incubated for 60 minutes with antibodies against Vimentin (Nordic Biosite, 1 + 200), Ki67 (Dako, 1 + 200), Sox2 (R&D Systems, 1 + 400), Bmi-1 (Upstate, 1 + 400), and nestin (R&D Systems, 1 + 3000). Detection was performed using EnVision (Dako) and diaminobenzidine (DAB) as chromogene. CD133 staining was performed as described in Christensen et al. [37] . Finally, the sections were counterstained with Mayer's hematoxylin and cover slips were mounted with Aquatex. eter and density of invading cells were compared using analysis of variance (ANOVA) with Bonferroni correction. Statistical analyses were performed using GraphPad Instat (GraphPad
Statistical analysis
Data are expressed as mean + standard error of mean (SEM). Mean values of spheroid diam- Figure 3 . The U87MG cell line-derived spheroids (A-C) and primary spheroids (D-L) were labelled with the vital fluorescent dye DiI and implanted into 4 days old brain slice cultures between the cortex and striatum into or close to the corpus callosum. The tumor cell invasion was followed using confocal microscopy at the day of implantation (A, D, G, J), after three days (B, E, H, K) and after six days (C, F, I, L). For the U87MG cell line-derived spheroids only a few fluorescent cells were detected close to the spheroid at day three (B) and day six (C). In contrast to U87MG spheroids pronounced invasion was observed for the primary spheroids derived from the anaplastic astrocytoma (E, F) and glioblastoma-2 (K, L), whereas invasion appeared to be limited for glioblastoma-1 (H, I). Scalebar 100 µm. Figure 5A , 5C, 5E and 5G). In general, the border between the brain tissue and the U87MG spheroids ( Figure 5A ) was more well-defined than the border between the brain tissue and the primary spheroids ( Figure 5C , 5E and 5G). Immunohistochemical staining with a human specific vimentin antibody was performed in order to visualize and confirm the invasion observed by confocal microscopy ( Figure 5B , 5D, 5F and 5H). All tumor cells in the spheroids appeared to express high levels of vimentin suggesting this marker to be suitable for identifying human cells in the spheroids as well as the invasive tumor cells. Only few invasive tumor cells were seen close to the implanted U87MG spheroids ( Figure 5B ) confirming the results obtained by confocal microscopy ( Figure 3A-C) . The invasion observed with confocal microscopy when implanting primary spheroids ( Figure 3D-L) was confirmed for the anaplastic astrocytoma ( Figure 5D ) and for glioblastoma-1 and glioblastoma-2 ( Figure 5F and 5H). Two types of invasive cells were seen surrounding the primary spheroids including small round tumor cells ( Figure 5F ) as well as long fusiform tumor cells ( Figure 5H ). The majority of the invading cells were seen near the spheroids, but some tumor cells were also seen several mm from the implanted spheroids. It is important to keep in mind that the invasion seen in one tissue section corresponds to the invasion seen in the individual confocal layers and not the invasion seen in the superimposed images (Figure 1) .
Proliferation in the spheroids
Ki-67 immunohistochemical staining identified several proliferating cells in all U87MG spheroids ( Figure 6A) , whereas much fewer proliferating cells were identified in the primary spheroids ( Figure 6B-D) . Positive cells were observed at the border of some spheroids, but very few Ki-67 positive cells were detected in the invasion zone of the primary spheroids.
Expression of stem cell markers in the cocultures
We further evaluated the co-cultures immunohistochemically for the expression of CD133, Software, San Diego, CA, USA). Differences were considered significant at P < 0.05.
Results
Invasion model
We successfully implanted spheroids from one anaplastic astrocytoma (WHO grade III) and two glioblastomas (WHO grade IV), as well as U87MG spheroids into corticostriatal brain slice cultures. Confocal z-stacks were obtained at the day of implantation as well as day three and day six after implantation ( Figures 1 and  3) . The images in each z-stack ( Figure 1A -E) were superimposed into one image representing one spheroid ( Figure 1F ).
The area of the U87MG cell line-derived spheroids (n = 16) increased rapidly over time ( Figures 3A-C and 4A) . When implanting primary spheroids derived from an anaplastic astrocytoma (n = 23) and from glioblastoma-1 (n = 13) and glioblastoma-2 (n = 5), the spheroid area did not increase significantly ( Figure 4C , 4E and 4G). In fact, a small decrease was seen for glioblastoma-1 spheroids ( Figure 4E ).
When investigating the individual images in the z-stacks, invading cells were seen in almost all layers ( Figure 1A -E) with only few invading cells at the top ( Figure 1A ) and the bottom ( Figure  1E ) of primary spheroids suggesting the presence of tumor cell invasion inside the brain slice cultures (Figure 1B-D) . The individual images in the z-stack were superimposed into one image ( Figure 1F) , where the total tumor cell invasion was estimated in a zone of 200 µm around the spheroid (Figure 2) . For the U87MG spheroids only a few invading cells were detected ( Figure 4B) . In contrast to U87MG spheroids ( Figure 4B ) pronounced invasion was observed for the primary spheroids derived from the anaplastic astrocytoma and glioblastoma-2 ( Figure 4D and 4H) . The invasion observed for glioblastoma-1 derived spheroids was partly increased compared to U87 ( Figure 4F) .
Detection of the invading tumor cells in paraffin sections of co-cultures
Hematoxylin and eosin-stained paraffin sections of the co-cultures revealed viable brain from two glioblastomas (E, G) the area of the spheroids did not increase significantly (C, E, G). In fact, a small decrease was seen for glioblastoma-1 spheroids (E). For the U87MG spheroids only a few invading cells were detected (B). In contrast to U87MG pronounced invasion was observed for the anaplastic astrocytoma (D) and glioblastoma-2 (H), whereas invasion appearently was limited for glioblastoma-1 (H, I). Scalebar 100 µm.
( Figure 7A ) whereas some CD133 staining was detected in the primary spheroids ( Figure 7E , 7I and 7M).
the early transcription factors Sox2 and Bmi-1 as well as nestin. The expression of CD133 was in general not detected in U87MG spheroids 
Discussion
In the present study we developed and evaluated an in vivo-like in vitro invasion model, where human primary glioma spheroids were implanted into corticostriatal rat brain slice cultures. We added new levels to this model by following tumor cell invasion over time using confocal microscopy and by verifying the invasion in paraffin sections using immunohistochemistry, which has not been done before. We showed that only the primary tumor cells invade the brain tissue mimicking the tumor in situ, in contrast to the cell line-derived tumor cells. Moreover, we showed that the invasion model can be used in cancer stem cell research.
Assessment of invasion
In the present study we were able to follow and quantify the spheroid area and tumor cell invasion into living brain slice cultures over time using confocal microscopy, which has not been done before. In most other similar invasion studies, the tumor cell invasion has to our knowledge been investigated at the end of the experiments on fixed co-cultures, and not at The early transcription factor Sox2 was not detected in the U87MG spheroids ( Figure 7B) , whereas high levels of Sox2 were seen in all primary spheroids ( Figure 7F, 7J and 7N) . In addition, Sox2 positive cells were detected in the rat brain tissue as well as in the neuroepithelial cells lining the ventricles, but the staining intensity was lower than the intensity detected in the spheroids. Accordingly, Sox2 expression could not be allocated with certainty to invasive tumor cells.
All tumor cells expressed Bmi-1 in the U87MG spheroids as well as in the primary spheroids ( Figure 7C, 7G, 7K and 7O) . Furthermore, Bmi-1 was widely expressed in the slice cultures including the neuroepithelial cells making possible allocation of Bmi-1 to invasive cells impossible.
The majority of the tumor cells in all spheroids were nestin positive, though differences in staining intensity were seen between spheroids from the same tumor. In general, the lowest staining intensity was seen in U87MG spheroids ( Figure 7D ), whereas the highest staining intensities were seen in the primary glioblastoma spheroids ( Figure 7L and 7P) . The tumor cells at the border of the U87 spheroids were nestin negative, although the tumor cells were positive using vimentin ( Figures 5B and 7D) . embed the co-cultures and investigate the cocultures immunohistochemically using thin histological sections. This procedure allows us to further investigate the spheroids and invasive tumor cells in terms of both morphology and expression of several markers using adjacent histological sections. An important point was confirmation of the invasion detected by confocal microscopy, since it is known that the fluorescent dye DiI, used for spheroid labelling in invasion assays, can diffuse into adjacent cells [23] possibly resulting in false positively labelled rat brain cells, which can then be mistaken for being invasive tumor cells. In order to identify invasive tumor cells we established the human specific vimentin staining -a strategy which has not been used before. The immunohistochemical results confirmed the results obtained by confocal microscopy. For the different time points during the process of invasion in the same individual co-cultures [19, 21, 22, 46] . The increases in spheroid area over time have therefore not been observed before. To our knowledge one similar study with confocal microscopy has been performed, where T98G glioblastoma cell line spheroids were placed on top of organotypic brain slice cultures prepared from two days old rats [20] . The authors found tumor cell migration on top of the culture as well as diffuse invasion into the slice cultures using confocal microscopy. After following the invasion for 72 hours, the cultures were fixed and the immunohistochemical expression of matrix matalloproteinase-2 and -9 were investigated on whole mounts.
In the present study we added a new level to the model, since we were able to paraffin- Figure 7 . The co-cultures were investigated immunohistochemically using the putative cancer stem cell marker CD133 (A, E, I, M), the early transcription factors Sox2 (B, F, J, N) and Bmi-1 (C, G, K, O) as well as nestin (D, H, L, P). Using paraffin sections the expression of CD133 was in general not detected in U87MG spheroids (A) whereas some CD133 staining was detected in the primary spheroids (E, I, M). Sox2 was not detected in the U87MG spheroids (B), whereas high levels of Sox2 were seen in all primary spheroids (F, J, N). All tumor cells expressed Bmi-1 in the U87MG cell line-derived spheroids (C) as well as in the primary spheroids (G, K, O). The majority of the tumor cells in all spheroids were nestin positive (D, H, L, P), though differences in staining intensity were seen between spheroids from the same tumor. In general, the lowest staining intensity was seen in U87MG derived spheroids (D), whereas higher staining intensities were seen in the primary glioblastoma spheroids (H, L, P). Scalebar 200 µm.
which has been proposed in a study based on observations of astrocytoma cells rarely dividing while moving [47] . The hypothesis suggests that cell division and cell migration are temporally exclusive phenomena, and tumor cells defer proliferation for cell migration. The hypothesis is based on the concept that a cell is unlikely to commit its cytoskeletal and genetic machinery to both cell division and migration concurrently [47] . Since the U87MG cells undergo more frequent mitosis, they are therefore not supposed to invade the slice culture as fast as the tumor cells in the primary spheroids undergoing fewer divisions. Moreover, the low proliferation and pronounced invasion observed for the primary spheroids could explain the rather constant or decreasing spheroid diameter observed in the present study. In general, the proliferative activity in glioblastomas is usually prominent (15-20%), but varies significantly between tumors [13] . Furthermore, glioblastomas are known for being widely heterogeneous and regional heterogeneity in terms of proliferation is also observed. The low proliferation observed in the primary spheroids in the present study, could be partly explained by this heterogeneity. However, a previous study performed in our laboratory demonstrated that culturing of primary spheroids in conventional serum-containing medium, causes decreased proliferation in the spheroids compared to the original biopsies [48] . All together the results points to primary spheroids having a reduced proliferative capacity, but on the other hand, they have the ability to invade organotypic brain slice cultures.
Expression of cancer stem cell-related markers
We further evaluated the co-cultures immunohistochemically using putative cancer stem cell markers including CD133, Sox2 and Bmi-1 as well as nestin, since several studies have demonstrated these markers to be important in glioma tumor stem cell biology [24, 31, 32, 41, 49] . The expression of CD133 varied between spheroids from the same tumor as well as between tumors, demonstrating the heterogeneity of the spheroids. The heterogenic expression of CD133 is in line with previous findings describing CD133 positive cells to be present in tumor cell niches of various sizes as well as dispersed single cells [36, 37] . The three markers Sox2, Bmi-1 and nestin were expressed abundantly in all primary spheroids suggesting U87MG spheroids, the presence of invasive cells located far from the spheroids in the confocal scannings ( Figure 3B and 3C) could not be confirmed by immunohistochemistry ( Figure  5B ), suggesting that this may be an artefact induced e.g. by the implantation procedure. Interestingly, the vimentin staining could be used to visualize cell morphology of the invading tumor cells revealing the presence of fusiform cells as well as small round cells. The U87MG cells at the spheroid border zone only showed the round morphology. Another human specific marker, nestin, was used as part of the cancer stem cell marker panel. However, nestin was not expressed by all U87MG cells thereby suggesting vimentin to be a better marker for tumor cell identification.
In contrast to primary spheroids, the U87MG spheroids seem to have lost the invasive features characterising the glioblastomas in patients. However, our results are in line with several in vivo studies using tumor biopsies as well as the U87MG cell line for invasion studies [14] [15] [16] [17] . In a study by Engebraaten et al. primary spheroids prepared from glioblastoma biopsies were implanted into the brains of nude rats and in this model they behaved as in the patients with varying degrees of invasion. However, when implanting U87MG spheroids, the authors observed that the spheroids maintained their localization at the injection site and showed expanding growth with minimal invasion [14] . Whether U87MG cells in general have lost the ability to invade healthy brain tissue is controversial. In contrast to our findings Jung et al. [46] showed that U87MG cells transfected with a GFP plasmid were able to invade brain slice cultures. However, similar to the present study, the study by Jung et al. would have benefitted from immunohistochemical confirmation of the results since green auto-fluorescence could be a problem in some in vitro assays.
Proliferation in the spheroids
In the present study we evaluated the proliferation of the tumor cells using Ki-67 immunohistochemistry. Not surprisingly, we found pronounced proliferation in U87MG spheroids corresponding to the increase in diameter over time observed for these spheroids. The high level of proliferating cells may be closely associated with the low number of invasive cells as suggested by the 'Go or Grow' hypothesis, fore moved on to free floating primary organotypic spheroids, which have been shown to be a valid tumor model providing a biological system that mimics the original glioma in patients [3] . The advantage of using this method is that only vital fragments form spheroids, thereby leaving only vital spheroids for implantation. Moreover, in the present study we dissected the tumor into small pieces of a maximum of 5 mm. One part of these pieces was prepared for hematoxylin eosine staining in order to confirm the diagnosis and make it possible to distinguish between viable tumor tissue, necrotic areas or tissue obtained from the tumor invasion zone. Jung et al. [22] and Palfi et al. [19] did not culture the tissue prior to implantation but labelled freshly removed glioma fragments with vital fluorescent dye for 24-48 h and implanted them directly into brain slice cultures. However, in our hands the use of primary organotypic spheroids led to a more reproducible assay and a more flexible procedure not being dependent on having a whole slice culture setup ready at the time of surgery.
Conclusion
In conclusion, we demonstrated that implantation of primary glioma spheroids into rat brain slice cultures is a valid and feasible in vivo-like in vitro model for glioma invasion studies. For the first time, we added new levels to this model by following tumor cell invasion over time and by confirming the invasion using immunohistochemistry. As an in vivo-like model of invasion preserving stem cell features, implantation of primary spheroids into rat brain slice cultures seems to be a model suitable for drug development incorporating both invasion and cancer stemness at the early in vitro level.
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The excellent laboratory work of Tanja that the cancer stem cell phenotype is preserved in implanted spheroids. These results are in line with an earlier study performed in our laboratory, where the expression of CD133, Sox2, Bmi-1 and nestin in primary organotypic glioma spheroids was found to be preserved in serum-containing medium, although a small decrease in CD133 and Sox2 levels was seen in spheroids cultured in serum-containing medium compared to serum-free medium. The high levels of Sox2, Bmi-1 and nestin are in contrast to a study by Lee et al. [16] , where a dramatic decrease in Sox2, Bmi-1 and nestin was seen, when primary glioma single cells, obtained from dissociated glioma biopsies, were cultured in conventional serum-containing medium compared to serum-free medium. The differences could be partly explained by the fact that Lee et al. cultured the tissue as single cells and not as small organotypic tumor fragments, which due to the presence of intercellular connections and blood vessels may be capable of preserving the cancer stem cell phenotype even in serum-containing medium. Taken together, the results presented in the present study suggest that preservation of the cancer stem cell phenotype together with the invasive properties, qualify this model for being used in studies focussing on these important aspects in the development of new anti-cancer strategies.
Immunohistochemical expression of Sox2 and Bmi-1 was in addition detected in cells of the rat cortex, suggesting developmental immaturity of the brain tissue. In the present study, we prepared brain slice cultures from newborn rats and cultured the slice cultures for four days prior to implantation. In order to obtain more mature and in vivo-like conditions, it could be considered to culture the brain slice cultures longer before implantation of spheroids or to use brain slice cultures from adult rats [50] [51] [52] .
Viability of spheroids
Before the present invasion study, we performed a pilot study where we collected, dissected and implanted fresh tumor tissue directly into the brain slice cultures without prior culturing. However, this protocol led to a very high variability between co-cultures from the same tumor. Speculating that a main reason for this variability was due to necrosis, we there-
